In recent years, novel classes of noncoding RNAs (ncRNAs) have been discovered, which are implicated in diverse functional and regulatory activities. Growing evidence indicates that deregulated ncRNAs play crucial roles in the onset and progression of cancer, including small-cell lung cancer. In this review, we highlight nearly all of the findings regarding the roles and the possible mechanisms of ncRNAs as oncogenes or tumor suppressors in small-cell lung cancer. Furthermore, we discuss the possible role of ncRNAs as diagnostic biomarkers, their significant contribution to the prognosis, and their functions in regulating the response to therapy.
miRNAs iN sCLC
Biogenesis and modification of miRNAs in sCLC miRNAs, the most extensively studied ncRNAs, are small ncRNAs of approximately 22 nt with a role in posttranscriptional gene silencing. 9 They are transcribed as independent genes into 1 to 3 kb long precursors (pri-miRNAs) by RNA polymerase II or III. The pri-miRNAs undergo processing by Drosha-DGCR8 (microprocessor), giving rise to precursor miRNAs (pre-miRNAs) that are exported to the cytoplasm by the nuclear transport factor exportin-5 (XPO5). The pre-miRNAs are then cleaved by Dicer to mature imperfect RNA duplexes. Then the passenger strand is degraded, and the other guide stranded mature miRNA associates with Argonaute (AGO) proteins to form a miRNA-induced silencing complex (RISC), which leads to mRNA degradation or translational inhibition by binding to the 3′-untranslated region (3′-UTR) of target mRNA. 10, 11 Alternatively, miRNAs can also be derived from the introns of protein-coding genes through splicing, after which they are cleaved into lariats by Dicer and enter the canonical pathway. 12, 13 Some miRNAs are released as cell-free miRNAs from the cytoplasm into the extracellular environment. This release occurs through the packaging of miRNAs into various membrane-bound vesicles, such as exosomes, microvesicles, and apoptotic bodies.
in the aberrant expression of miRNAs. Nearly 50% of miRNAs are located in deleted regions, amplified regions, and breakpoint regions involved in human cancers. 17 The miR-17-92 family resides in 13q31.3, and the chromosome fragment frequently amplified in SCLC. 18, 19 Defects in the miRNA biogenesis machinery may also be closely related to aberrant miRNAs expression. Lin-28 inhibits the biogenesis of let-7 miRNAs by blocking both Drosha-and Dicer-mediated cleavage and accelerating the decay of let-7 pre-miRNAs. [20] [21] [22] [23] [24] [25] In addition, the SNP in pre-miRNA is another factor that affects the expression of mature miRNAs and miRNA target genes. miR-196a2 and miR-146a are modified in this manner. 26, 27 Besides, the aberrant miRNAs expression could also be induced by changes in the miRNA promoter. DNA methylation of the promoter occurs for miR-34b/c and miR-886-3p. 28 ,29 miR-375 is activated through the binding of ASH1 to the three E-box elements in the promoter. 30, 31 Overall, the complex process of miRNA biogenesis has nearly been fully understood, and the modification mechanisms of miRNA in SCLC have also been extensively investigated in recent years. Considering the increasing interest in translating miRNAs into the cancer clinic, clearly elucidating the biogenesis and modification of miRNA is a significant prerequisite not only for fully understanding the functions of miRNAs in SCLC but also to integrate miRNA into clinical applications.
miRNAs Regulate sCLC Cell Viability
Previous studies demonstrated that miRNAs are always involved in the tumorigenesis of SCLC by regulating oncogenes and tumor suppressor genes that play crucial roles in cell proliferation, apoptosis, migration, and invasion (see Table 1 ).
miRNAs Function as Oncogenes in sCLC
The members of the miR-17-92 cluster (miR-17, miR18a, miR-19a, miR-20a, miR-19b-1, and miR-92-1), which resides in the 13q31.3, are the first miRNAs to be recognized as oncogenes. The miR-17-92 cluster is significantly overexpressed in SCLC, which enhances cell proliferation and inhibits apoptosis. 18, 19 Ebi et al. 32 found that miR-17-92 The pro-tumor mechanism of another miRNA, miR-375, in SCLC is also relatively well identified. Most SCLC cell lines display overexpression of miR-375, whereas miR-375 is only weakly expressed in the lung adenocarcinoma (AD) and lung squamous cell carcinoma (SQ) cell lines. MiR-375, a direct transcriptional target for achaete-scute complex homolog 1 (ASH1/ASCL1), is upregulated by the direct interaction between ASH1 and the E-box elements in the miR-375 promoter. In addition, miR-375 mediates signals required for the ASH1-mediated induction of neuroendocrine features in lung cancers, the majority of which are SCLCs. Furthermore, miR-375 is highly expressed in the cell lines generated from mouse SCLC-like tumors, and its expression correlates with ASH1/ASCL1. 31 The transcriptional coactivator YAP1, which negatively correlates with miR-375, has been found to be a direct target of miR-375 and showed growth inhibitory activity in SCLC cell lines. Taken together, the downregulation of YAP1 by ASH-1-transactivated miR-375 promotes the growth of SCLC cells, and the ASH1-miR-375-YAP1 pathway plays a key role in lung cancers exhibiting neuroendocrine features.
miRNAs Function as Tumor suppressors in sCLC
The let-7 family is a cluster of miRNAs whose genes map to different chromosomal regions that are frequently deleted in lung cancer. 17 The downregulation of let-7 in SCLC is induced by the RNA-binding protein Lin-28, which blocks both Drosha-and Dicer-mediated cleavage and promotes cell cycle progression and cell proliferation. 24 Microarray analysis identified many cell cycle-associated genes that are directly or indirectly repressed by let-7, and further reporter assays validated that cell cycle regulators CDK6 and CDC25A are direct targets of let-7. 40 In SCLC, it was found that let-7 knockdown results in the upregulation of CDC25A, which is necessary for the progression from the G1 phase to the S phase of the cell cycle. Taken together, the reduced expression of let-7 in SCLC, induced by Lin-28, enhances cell proliferation by promoting cell cycle progression at the G1 phase through upregulation of CDC25A.
Members of the miR-34 family, another important group of miRNAs, function as tumor suppressors and are down-expressed in a variety of cancers, including SCLC. [41] [42] [43] Methylation of miR-34 family has been detected in SCLC cell lines and clinical specimens and is responsible for the reduced expression of miR-34 family in SCLC. Furthermore, the frequency of miR-34b/c methylation is significantly higher in SCLC than in NSCLC. The transfection of miR-34b/c into SCLC cell lines resulted in significant inhibition of cell growth, migration, and invasion compared with control treatment, which indicates that the aberrant methylation of miR34b/c plays an important role in the pathogenesis of SCLC. 28 Although miR-34a is known to play a key role in p53-mediated apoptosis in NSCLC, thereby affecting NSCLC cell survival, 44 Lee et al. showed that expression of miR-34 family members is not related to P53 protein expression in SCLC tumors. In addition, neither increased nor decreased expression of miR-34a in SCLCs affects cell viability, malignant behavior, or the endogenous expression of the miR-34a target genes cMET and Axl in NSCLC cell lines. 43 These findings further validate the specificity of miRNA function in the context of different lung cancer subtypes.
Additional miRNAs have been showed to act as tumor suppressors in SCLC. Microarray and real-time reverse transcription polymerase chain reaction (RT-PCR) analyses validated that miR-126 expression is uniformly decreased in SCLC cell lines and primary tumors. 35 Transfection of the SCLC cell lines H69 and HTB192 with miR-126 inhibited cell proliferation by arresting the cells in the G1 phase. Short interfering RNA-mediated suppression of SLC7A5, a direct target of mir-126 in SCLC, causes the same effects on H69 cells, suggesting that miR-126 performs tumor suppressor function that is mediated by the downregulation of its target SLC7A5. 35 Miao et al. 36 showed that miR-27a is consistently downregulated in sphere-forming cells of all three SCLC cell lines (H446, H209, and H69), and that antagonizing miR-27a using an inhibitor in parental cells enhances the proliferation, self renewal, and proportion of undifferentiated cells in vitro.
Recent evidence suggests that miR-886-3p, regulated by DNA hypermethylation of its promoter, is another important tumor suppressor in SCLC. 29 MiR-886-3p has been reported to negatively regulate the proliferation, migration, and invasion of NCI-H446 cells in vitro, as well as tumor growth, bone/muscle invasion, and lung metastasis in vivo, by repressing the expression of its targets: PLK1 and TGF-β1, two wellknown active oncogenic genes.
The antitumor activity of miR-335 in SCLC has also been characterized. Human SCLC cells SBC-5 cells localize to skeletal and nonskeletal sites, whereas SBC-3 cells only invade nonskeletal sites. The expression of miR-335 is reduced in SBC-5 compared with SBC-3 cells. In contrast, the expression of RANKL and IGF-1R, two key cytokines, are elevated in SBC-5 as compared with SBC-3 cells. Lentiviral overexpression of miR-335 in SBC-5 cells not only significantly reduces in vitro carcinogenesis, cell migration, and invasion but also inhibits osteolytic lesions formation in vivo, which is mediated by upregulation of the IGF-1R and RANKL pathways. 37 Taken together, the above miRNAs have been indicated to function as tumor suppressors or oncogenes in SCLC and in many other cancer types. There are other miRNAs that have been characterized to promote or inhibit tumorigenesis in a variety of tumors including NSCLC, but whose functions have not been studied in SCLC. Therefore, there are more miRNAs with significance, which are worth evaluation in the context of SCLC. Moreover, among the above miRNAs, some have been only studied in cancer cells and consequently require further validation in tumor specimens and SCLC patients.
Clinical Application of miRNAs to the Diagnosis, Prognosis, and Therapy of sCLC miRNAs as Diagnostic Biomarkers of SCLC
Because of the aggressiveness of SCLC, timely diagnosis is expected to improve the prognosis of SCLC patients. Unfortunately, no specific biomarker currently identifies early stage SCLC. Recently, several studies reported that a specific miRNA profile may serve as a reliable, noninvasive diagnostic tool for SCLC (see Table 2 ).
In an effort to investigate the contributions of miRNAs to the pathogenesis of SCLC and the possible use of miRNAs for its diagnosis, Du et al. performed microarray analysis to compare 136 miRNAs in a set of SCLC cell lines to that in a group of NSCLC cell lines and the normal immortalized HBEC line. They found that the miRNA profiles consistently distinguished the SCLC cell lines from NSCLC and HBEC cell lines, suggesting that the miRNA profile may serve as a diagnostic marker of SCLC. 45 Gilad et al. developed an miR-based assay using pathologic and cytologic samples to differentiate between the four primary types of lung cancers: SCLC, cacinoid, and squamous and nonsquamous NSCLC. This assay included eight miRNAs (miR-106a, miR-125a-5p, miR-129-3p, miR-205, miR-21, miR-29b, miR-375, and miR-7) and displayed an overall accuracy of 94% in the validation cohort. 46 More recently, Huang et al. 47 confirmed the high diagnostic accuracy of miR-205 to distinguish SQ from AC and SCLC in Chinese patients.
Apart from surgical and needle biopsy specimens, miRNAs can also be detected in bronchial brushing specimens. Two miRNA panels are constructed and validated, which distinguish SCLC from NSCLC and SQ from AC using not only FFPE surgical lung specimens but also bronchial brushing specimens, indicating that these panels have considerable clinical value for differential diagnosis. 48 Considering the high stability of miRNAs in body fluids and in tissues, these molecules also represent potential biomarkers for the early, noninvasive detection of SCLC. According to published microarray data, Zheng et al. selected the 15 most frequently overexpressed miRNAs in lung cancer tissues and examined them in the plasma of lung cancer patients. They found that the levels of miR-155, miR-197, and miR-182 were significantly elevated compared with the controls, allowing for the discrimination between lung cancer patients and cancer-free controls with high specificity and sensitivity. 49 This result demonstrates that only a subset of circulating miRNAs is likely derived from the secretion/ release of overexpressed miRNAs by tumor cells. Roth et al. 50 provided evidence that a signature of miR-10b, miR-34a, miR-141, and miR-155 expression in serum discriminated lung cancer patients from healthy individuals. Although miRNAs are generally stable for several years, Keller et al. found that most obvious changes in the miRNA expression pattern appears to occur near the time of lung cancer diagnosis. This finding supports the concept that developing lung cancer might be detectable for years preceding traditional diagnosis based on a specific miRNA expression profile and that this profile changes during tumor development.
miRNAs as Prognostic Biomarkers of SCLC
The prognosis always exerts a great effect on the selection of treatment. As a result, robust prognostic biomarkers are needed to improve clinical treatment selection. Growing evidence suggests that changes in miRNA expression can significantly influence the prognosis of SCLC, which raises the possibility that miRNAs could serve as prognostic biomarkers in SCLC patients (see Table 3 ).
Ranade et al. suggested that a high level of miR-92a-2* expression is associated with a poor prognosis and shorter survival in SCLC patients. Moreover, stepwise multivariate analysis revealed that miR-92a-2* is an independent prognostic factor of SCLC. 52 Bi et al. developed and validated that an miR-150/miR-886-3P expression profile that significantly correlated to the overall survival (OS) of SCLC patients. And the risk score for each SCLC patient was calculated according to the expressions of miR-150 and miR-886-3p. Patients with high-risk miRNA expression profile experienced poor OS and progression-free survival compared with those with low-risk expression profiles, suggesting that this miRNA profile may represent an independent predictor of survival. 53 However, negative results have also been found. Lee et al. 43 investigated the expression of a panel of seven miRNAs in SCLC tumors and found that these miRNAs are unrelated to the clinical characteristics of SCLC patients and are neither prognostic of OS or progression-free survival nor predictive of the response of these patients to treatment.
In addition to polymorphisms in miRNAs themselves, a growing number of miRNA-related polymorphisms have been demonstrated to be associated with the prognosis of SCLC. On the basis of multivariate analysis, Ding et al. 54 found that a polymorphism (rs16917496) in the miR-502 binding site of the 3′ UTR of the SET8 gene is associated with SCLC patient survival. Similar phenomena were also detected for miR-1827 and miR-629. An SNP in an miRNA-1827 binding site of MYCL1 results in the altered regulation of MYCL1 expression and may increase the susceptibility of these individuals to SCLC. 55 In southern and eastern Chinese populations, a tagSNP in the miR-629 binding site of the NBS1 3′UTR confers an increased risk of lung cancer by diminishing the expression of this gene. 56 It is proposed that SNPs located in the miRNA seed region of the 3′UTR of target genes might affect miRNA-mediated gene regulation and are thus associated with cancer susceptibility. 57 Besides miRNA seed regions, SNPs in genes that encode the miRNA processing machinery as well as in pre-miRNAs, also affect cancer risk and patient prognosis. For example, Guo et al. 58 reported that an miR-SNP located in the 3′UTR of the miRNA processing gene xpo5 is associated with the OS of SCLC patients. They also found that the AA genotype correlates to improved survival duration. Moreover, functional polymorphisms in pre-miR-146a and pre-miR-196a2 are associated with increased risk of lung cancer in Korea and Chinese individuals, respectively.
26,27
miRNAs as Therapeutic Biomarkers of SCLC Chemotherapy and radiotherapy are currently considered as the optimal treatment options for SCLC patients. However, drug and radiotherapy resistance have caused great clinical challenges. Therefore, identifying the molecular mechanisms that regulate drug resistance responses is 
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Analysis of an miRNA-related SNP (rs11077) in the 3′ UTR of XPO5 in blood samples from 42 SCLC patients and its correlation to cancer survival.
Blood samples
The rs11077 polymorphism in the 3′ UTR of the miRNA processing machinery gene XPO5
The rs11077 AA genotype is significantly associated with longer survival time and better OS compared with the AC and CC genotypes.
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Examination of the rs2910164 C > G genotypes in 1094 lung cancer patients and 1100 healthy controls and their association with lung cancer susceptibility.
Peripheral blood samples, cancer tissues and paired non-malignant lung tissues rs2910164 C > G in pre-miR-146a
The rs2910164 CG or GG genotype is associated with a significantly decreased risk for lung cancer compared with the CC genotype in never smokers.
27
Discovery: Identification of 273 common genetic variants (MAF > 5%) in pre-miRNAs and their surrounding regions in all ethnic groups using the dbSNP database and selection of four pre-miRNA SNPs (rs2910164 C/G, rs2292832 C/T, rs11614913 T/C, and rs3746444 A/G) located in the pre-miRNA regions.validation: evaluation of the associations between these four SNPs in pre-miRNAs and lung cancer susceptibility in a case-control study of 1058 incident lung cancer patients and 1035 cancer-free controls.
Blood samples rs11614913 T/C in pre-miR-196a2
The rs11614913 CC genotype is associated with a significantly increased risk of lung cancer compared with the TT and TC genotypes.
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CI, confidence interval; FFPE, formalin-fixed paraffin-embedded; MAF, minor allele frequency; miRNAs, micro RNAs; OR, odds ratio; OS, overall survival; PFS, progression-free survival; SNP, single nucleotide polymorphism; qRT-PCR, quantitative real-time reverse transcription-polymerase chain reaction. crucial for developing effective approaches to overcome such resistance and further improve patient prognosis. As reviewed here, our group and others have found that several miRNAs are closely associated with the response of patients to therapy and that some of these miRNAs are implicated in regulating chemosensitivity and radiosensitivity in SCLC (see Table 4 ).
Previously, we reported that overexpression of miR-134, miR-379, and miR-495 increased the sensitivity of drugresistant H69AR SCLC cells to multiple drugs, including doxorubicin, cisplatin, and etoposide, whereas knockdown of these miRNAs decreased this sensitivity. Further investigation revealed that miR-134 increases drug sensitivity in part through downregulation of MRP1/ABCC1, which contributes to chemoresistance and decreased cell survival by attenuating G1 phase arrest in H69AR cells. 58 Recently, we found that another miRNA, miR-100, modulates chemosensitivity in H69 and H69AR cells by directly targeting HOXA1. 59 Furthermore, Li et al. 60 demonstrated that miR-137 is closely associated with SCLC multidrug resistance, and that interfering with miR-137 expression may decrease cisplatin resistance in drug-resistant H446/CDDP SCLC cells partly by the regulation of KIT expression.
Other miRNAs are also associated with drug resistance in SCLC, although the mechanisms remain unclear. MiRNA microarray analysis revealed that miR-92a-2*, miR-147, and miR-574-5p are significantly associated with chemoresistance in SCLC tumor samples. 52 However, not all miRNAs affect response to chemotherapy. Lee et al. 43 found that the expression of a panel of seven miRNAs predicts neither the treatment response of SCLC patients nor the sensitivity of SCLC cell lines cisplatin or etoposide in vitro.
In addition to chemosensitivity, miRNAs are also related to radiotherapy responses. MiRNA microarray analysis showed higher expression of miR-324-5p in SCLC radioresistant cells than in radiosensitive cells, which was validated by qRT-PCR analysis. 61 In addition, the effect of core miRNA biogenesis machinery proteins on the response of lung cancer cell lines to treatment with ionizing radiation was assessed.
Neither knockdown of these core proteins involved in miRNA biogenesis nor downregulation of the primary components of the RISC sensitized these cells to irradiation. 62 Recent studies have shown that miRNA signature is a rising star that may provide new resolutions for SCLC. miRNAs are much more stable in blood and tissues, raising the exciting prospect that miRNAs might be used as diagnostic, prognostic, and therapeutic biomarkers for SCLC.
LNCRNAs iN sCLC
LncRNAs, a heterogeneous group of ncRNAs that are more than 200 nt in length, comprise the largest portion of the mammalian noncoding transcriptome. 6 LncRNAs are known to mediate epigenetic modifications of DNA by recruiting chromatin-remodeling complexes to specific loci in either the nucleus or the cytoplasm. However, the signals that drive their localization have yet to be established. 6, [63] [64] [65] The involvement of lncRNA in SCLC is not as well understood as that of miRNA. To date, only one study has reported a role of lncRNA in SCLC, and the specific alteration of the lncRNA was not elucidated. However, lncRNA has become an important topic of research, and its functional role in SCLC cannot be discounted.
Hox transcript antisense intergenic RNA (HOTAIR) is one of the few well-studied lncRNAs. HOTAIR is transcribed from the HoxC gene and binds as a scaffold to polycomb repressive complex 2 (PRC2) and the LSD1-CoREST-REST complex, leading to the catalysis of H3K27 trimethylation and the spontaneous demethylation of H3K4, as well as to the repression of HoxD genes transcription. 66, 67 Ono et al. assessed HOTAIR expression in SCLC cell lines and surgical SCLC samples through qRT-PCR analysis. They found that HOTAIR is more strongly expressed in SCLC cell lines and tumor tissues than in normal cells and tissues. Knocking down HOTAIR in SBC-3 SCLC cells inhibits their proliferative activity and invasiveness in vitro. Moreover, high expression of HOTAIR is associated with an aggressive phenotype and poor prognosis, suggesting that HOTAIR could be used as a prognostic biomarker. FFPE, formalin-fixed paraffin-embedded; miRNAs, micro RNAs; NS, not specified; SCLC, small-cell lung carcinoma.
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CELL-FREE RNA iN sCLC
As recently as 10 years ago, Schmidt et al. investigated whether cell-free RNA could be detected in the supernatant of bronchial lavage fluid (BLF) and in serum. They successfully isolated and quantified cell-free RNA from serum and BLF supernatants of lung cancer patients, as well as patients with a benign lung disease. Furthermore, the cell-free RNA levels were higher in the BLF supernatant than in serum, and the RNA concentration in BLF from tumor patients was higher than in that from non-tumor patients, suggesting that the quantification of cell-free RNA levels in BLF supernatants and serum may represent a new diagnostic tool to differentiate between lung cancer patients and patients without tumors. 68 
DisCUssiON
To date, a considerable number of studies have investigated the roles of ncRNAs in lung cancer. However, most of these studies have focused on NSCLC, whereas far fewer studies of SCLC, the most lethal lung cancer subtype. Because the same ncRNAs might be expressed in different lung cancer subtypes but perform distinct functions, the results of studies of NSCLC or other subtypes cannot necessarily be applied to SCLC. For example, miR-34a, which is activated by P53, plays a pivotal role in regulating NSCLC cell survival. However, in SCLC, neither upregulation nor downregulation of miR-34a influence cell viability or drug sensitivity, and its activity is unrelated to P53 expression. 39 Therefore, it is imperative to devote more effort to the study of ncRNAs in the context of SCLC. Furthermore, the identification of ncRNAs that specifically regulate cell survival and drug responses in SCLC may facilitate the development of specific therapeutic regimens.
Among the ncRNAs implicated in SCLC (Fig. 1) , miRNAs are the most extensively studied. Cytological evidence indicates that numerous miRNAs are involved in tumorigenesis and function as oncogenes or tumor suppressors in SCLC. Several miRNAs have been identified as diagnostic or prognostic biomarkers of SCLC with high sensitivity and specificity. However, there remains a lack of clinical studies identifying the miRNAs that are altered during the early phases of carcinogenesis. Such studies will be critical for making early diagnoses and improving the management of SCLC. Although previous studies reported that cancer-related miRNAs can be detected in serum before clinical diagnosis, the prediagnostic circulating miRNA expression profiles have yet to be elucidated for SCLC. This lack of understanding is partially due to the aggressiveness of SCLC and the difficulty in collecting sufficient and appropriate samples to study this disease during its initial stages. Besides, accumulating evidence suggests a role for miRNAs in regulating the response of a tumor to therapy, which may guide the design of personalized, novel therapeutic strategies based on specific miRNA expression levels. However, it is necessary to consider the nonspecificity of miRNA targets, as well as effective and nontoxic delivery systems. The issues must be addressed before translating basic studies into clinical applications.
Currently, as miRNA expression profiling reaches a plateau, lncRNA has opened an intriguing new area of study in cancer biology. Despite our currently limited understanding of the role of lncRNAs, increasing studies highlight the exciting prospect that these molecules may serve as new biomarkers of and therapeutic targets for human cancers. 6, 8 Significant effort is required to discover additional ncRNAs that perform crucial biological functions and to determine the mechanisms and roles of these molecules in SCLC.
In conclusion, the studies of ncRNAs not only provide a new insight into SCLC biology but also broaden the library of valuable biomarkers that can be used for SCLC diagnosis, prognosis, and therapy. Clinical applications of ncRNAs for SCLC are expected in the future, although there remain major hurdles to overcome.
